ABSTRACT One hundred seventy pigs averaging 21 k 1 d of age (initially 5.4 and 5.8 kg, respectively) were used in each of two experiments to determine the effect that further heat processing by moist extrusion has on the nutritional value of soybean products fed to the early-weaned pig ( d 0 to 14 postweaning). The experiments were designed as randomized complete blocks with treatments arranged as a 2 x 3 factorial and a positive control. Main effects of moist extrusion and soy products and the interaction effects were analyzed. Raw soy flakes, commercial soy protein concentrate, and an experimental soy protein concentrate were used in Exp. 1 and a toasted soy flour replaced experimental soy protein concentrate in Exp. 2. A diet (1.4% lysine) containing primarily milk protein served as a positive control in both experiments. An interaction ( P < .06) between moist extrusion processing and protein source existed from d 0 to 14 and from d 0 to 35 for ADG and gain:feed ratio (Exp. 1 and 2). Pigs fed moist-extruded soy products had improved ( P < .01) ADG and gain:feed compared with pigs fed nonextruded soy products; the largest improvement was observed in pigs fed extruded, raw soy flakes and toasted soy flour ( d 0 to 14). Apparent DM and N digestibilities ( d 14) were increased ( P < .05) when moist extrusion was used. Blood urea nitrogen and serum immunoglobulin G titers decreased ( P < .05) in pigs fed moist-extruded soy products compared with titers in pigs fed nonextruded products. In Experiment 3, 100 pigs were used (initially 5.9 kg and 21 d of age) to compare moist and dry extrusion processing of soybean meal. Average daily gain, ADFI, gain:feed ratio, and apparent DM and N digestibilities were maximized ( P < .05) in pigs fed a milk diet from d 0 to 14 postweaning. Pigs fed extruded soybean meal (moist or dry) had intermediate ( P < .05) ADG, ADFI, gain:feed ratio, and apparent DM and N digestibilities from d 0 t o 14. Pigs fed moist-extruded soybean meal from d 0 to 28 had increased ( P < . l o ) ADG compared with pigs fed dryextruded soybean meal. These data suggest that moist extrusion of less-refined soy products (raw soy flakes, toasted soy flour, and soybean meal) can result in growth performance comparable t o that achieved by feeding highly refined soy products (soy protein concentrate) t o the early-weaned pig.
Introduction
A common practice in the swine industry is to decrease the age of weaning to increase sow productivity. However, by decreasing the weaning age to 21 J. h i m . Sci. 1993 Sci. . 71:2099 Sci. -2109 d, the young pig is often subject to a postweaning growth reduction. Before weaning, the young pig receives sow's milk, a highly palatable, readily digestible diet. At weaning, the young pig is often fed a dry, complex carbohydrate, plant protein-based diet that is not readily utilized. Both low digestibility of soybean proteins (Hartman et al., 1961 ) and a transient hypersensitivity response to soybean meal in the early-weaned pig ) may contribute to poor utilization of soy products by early-weaned pigs. Li et al. (1990) further described the hypersensitivity response, indicating that villus height decreased and crypt depth increased due to a cell-mediate immune response in the intestine. Hancock et al. ( 1990) reported increased protein utilization and increased ADG when defatted soy flakes were ethanolextracted and heat-treated. Similarly, Li et al. (menadione), 2.9 mg; riboflavin, 4.4 mg; niacin, 26.5 mg; d-pantothenic acid, 17.6 mg, and vitamin BIZ, 17.6 pg.
(1991a,b) suggested that moist extrusion can be used to improve the nutritional value of soy protein concentrate in starter pig diets. When extruded soy protein concentrate was fed, ADG was increased and the transient hypersensitivity response was reduced. Thus, the main objective of these experiments was to determine the effect that moist extrusion of various soy products has on growth performance in the earlyweaned pig. Second, the effectiveness of using moist extrusion t o reduce antinutritional factors (trypsin inhibitors) and antigenic (glycinin and beta-conglycinin) concentrations in various soy products was assessed. Finally, single dry extrusion of commercial soybean meal was evaluated as a n alternative to the moist extrusion process.
Materials and Methods

Experiments 1 and 2
One hundred seventy pigs averaging 21 k 1 d of age (initially 5.4 and 5.8 kg, respectively) were used in each of two experiments t o determine the effect that moist extrusion has on soybean products fed to earlyweaned pigs. The experiments were designed as randomized complete blocks with treatments arranged as a 2 x 3 factorial and a positive control. Treatments were arranged to assess the main effects of soy product and extrusion processing. At weaning, pigs were allotted to one of seven dietary treatments based on weight, sex, and ancestry. Treatments included were 1) control diet: corn+dried skim milk+dried whey+casein, 2 and 3 ) corn+defatted soy flakes with or without moist extrusion, 4 and 5) corn+soy protein concentrate with or without moist extrusion, and 6 and 7 1 corn+experimental soy protein concentrate with or without moist extrusion. In Exp. 2, toasted flour replaced the experimental soy protein concentrate. Experimental diets (Tables 1 and 2 ) were fed from d 0 to 14 postweaning, and all pigs were fed a common corn-soybean meal diet (1.25% lysine) containing 10%' dried whey and 4% select menhaden fish meal from d 14 to 35 postweaning. Pigs were housed in an environmentally (32°C) controlled nursery with wire mesh flooring. Each pen contained a self-feeder and a nipple waterer to provide ad libitum access to feed and water. There were five pigs per pen (1.2 m x 1.5 m ) and five replicate pens per treatment. Weekly pig weights and feed consumption were collected to calculate ADG, ADFI, and gain:feed ratio.
Diet Formulation. Experimental diets fed from d 0 to 14 were formulated t o contain 1.4% lysine, .9% Ca, Soybean Products. The soybean products used in Exp. 1 and 2 originated within the same soybean lots. The raw soy flakes (3.12% lysine) had been defatted by hexane extraction. The toasted soy flour (3.10% lysine) was lightly heat-toasted, raw soy flakes. The commercial soy protein concentrate and experimental soy protein concentrate (4.20 and 4.30% lysine, respectively) were further processed to remove complex carbohydrates.
Extrusion Processing. A single screw extruder Wenger Manufacturing, Sebetha, KS) equipped with a high shear screw, barrel, and die arrangement was used to moist-extrude all soy products. Operating conditions were held constant between soy products. Cooking temperatures were 120, 116, 103, and 96°C for raw soy flakes, toasted soy flour, commercial soy protein concentrate, and experimental soy protein concentrate, respectively. Slight alterations were made during the process if machine stability was not maintained. Steam and water were added to the extruder to facilitate processing and to prevent burning. The extruded product (approximately 30% moisture) was dried in a doublepass, gas-fired dryer (Wenger Manufacturing) to approximately 12% moisture. After extrusion, the dried product was ground through a Fitz Mill (Fitzpatrick, Elmhurst, IL) equipped with a 3.2-mm hammermill screen and mixed into the experimental diets.
Apparent Nutrient Digestibility. Chromic oxide was included in the experimental diets (. 10%) fed from d 0 to 14 postweaning as an indigestible marker. On d 14, fecal samples were collected from four pigs per pen and freeze-dried. Feces were ground and pooled to provide a pen sample for analysis of DM, N, and chromium. Dry matter and N were analyzed according to AOAC (1984) . Chromium was analyzed by procedures described by Williams et al. (1962) . Apparent DM and N digestibilities were determined by the procedure described by Pond and Manner (1984) .
Serum Urea Nitrogen. Serum samples were collected on d 13 postweaning from each pig. Samples were analyzed for urea concentration with an autoanalyzer (Alpkem, Clackamas, OR) according to procedures described by Marsh et al. (1965) . Samples were analyzed individually, and a mean was determined for each pen. Serum samples were collected by jugular puncture. Serum was separated 24 h after collection and frozen for further analysis.
Serum Immunoglobulin G Titers Specific to Glycinin and P-Conglycinin by Enzyme-Linked Immunosorbent
Assay. Serum samples were collected from every pig on d 13 postweaning and pooled within pen for determination of antibody titers specific to the combination of glycinin and 0-conglycinin. Samples were analyzed by the procedure described by Li et al. (1990) . Briefly, 96-well microtiter plates were coated with 100 pL/well of a solution consisting of a 40 g/mL protein concentrate (glycinin and 0-conglycinin) in l x citrate buffer (.05 pL, pH 9.6). Plates were sealed and incubated at 4°C for 18 h. After incubation, the plates were washed three times with ELISA phosphate buffer solution, coated with 200 pLiwel1 of 1% egg albumin solution, and allowed to incubate for 1 h at 37°C. Serum samples were serially diluted twofold in ELISA phosphate buffer solution plus Tween-20. Sample dilutions were added after a second washing of the microtiter plate (three times with EPBS t Tween-20) and incubated for 1 h t o allow an antibody-antigen complex to form. The plates were washed for a third time (three times with EPBS + Tween-20), and antipig goat serum conjugate (1:2,000 dilution in EPBS + Tween-20) was added as a secondary binder to the antigen-antibody complex. After a 1-h incubation period, the plate was washed (four times) with EPBS + Tween-20. Substrate was added to the plate and allowed to incubate at room temperature for 20 min, allowing the color reaction to take place. The extent of the reaction was determined in an EL4 reader (Model EL 309, Bio-Tek Instruments, Winooski, VT). Antibody titers were expressed as reciprocals of higher dilutions indicating a positive reaction. The ELISA measurements were expressed of a log2 basis.
Soy Product Analysis. Procedures developed by
Reddy (personal communication) and Li et al. (1990) were used to determine the concentrations of glycinin and P-conglycinin in the diets. Briefly, 3 g of each complete diet was extracted by stirring in phosphate buffer solution for 1 h. The samples were centrifuged at 2,000 x g for 20 min, and the supernatant was decanted from the substrate. These purified protein samples were analyzed by the same procedure used to determine serum antibody titers (Li et al., 1990) . Dietary glycinin and P-conglycinin concentrations were determined separately for each diet. Trypsin inhibitor concentrations were determined by the procedure of Hammerstrand et al. ( 198 11, and protein dispersibility index ( PDI) was determined using the AOAC ( 1 9 8 4 procedure.
Experiment 3
A third experiment was conducted to compare moist and dry extrusion processing. The experiment was designed as a randomized complete block using 100 pigs (initially 5.9 kg and 21 k 1 d of age), randomly ET AL.
allotted to one of four treatments based on weight, sex, and ancestry. Dietary treatments included 1) corntdried skim milktdried wheytcasein, 2) corn+soybean meal, 3 ) corntdry extruded soybean meal, and 4) corntmoist extruded soybean meal. Commercial soybean meal (48.5% CP and 3.12% lysine) was used. The diets were formulated to contain 1.4% lysine and 24.4% purified lactose. Diet formulations were identical to those of Exp. 1 and 2, with soybean meal with or without extrusion processing replacing milk protein on a lysine basis. Experimental diets were fed for the entire 28-d experiment. On d 14, fecal samples were collected to determine apparent DM and N digestibilities as described in Exp. 1. The pigs were housed in an environmentally controlled ( 3 2°C nursery (five pigs/ pen, five pendtreatment). Each pen (1.2 m x 1.5 m ) contained a self-feeder and a nipple waterer to provide ad libitum access to both feed and water. Weekly pig weights and feed consumption were collected to determine ADG, ADFI, and gain:feed ratio. Dry extrusion (160°C was accomplished by using a single-screw extruder (Insta-Pro, Triple F Feeds, Des Moines, IA). Moisture was not added during this process. After extrusion, the product was allowed to cool and ground through a hammermill equipped with a 3.2-mm screen. Moist extrusion (120°C) was conducted similarly to the procedure described in Exp. 1 and 2.
Statist ica 1 A na lysis
Data were analyzed using the GLM procedure (SAS, 1982) . Experiments 1, 2, and 3 were designed as a randomized complete block. The treatment structure for Exp. 1 and 2 was a 2 x 3 factorial with a positive control (Peterson, 1985) . The data in Exp. 1 and 2 were analyzed by the main effects of protein source and extrusion processing and the interactive effect between protein source and extrusion processing. In Exp. 3 analysis of variance was assessed by using single df contrasts to determine differences between 1) milk vs soy protein, 2) milk vs extruded soy protein, and 3 ) dry-extruded soybean protein vs moist-extruded soy protein.
Results
Experiment 1
Moist extrusion decreased trypsin inhibitor concentrations (Table 3) in raw soy flakes, soy protein concentrate, and experimental soy protein concentrate. The largest reduction in trypsin inhibitor was detected when soy flakes were moist-extruded. In a highly refined soy product (soy protein concentrate), the trypsin inhibitor concentration was relatively low (< 2 mgig of protein) before extrusion processing. After moist extrusion, trypsin inhibitor concentrations were similar among all three soy products. Similar results were observed for both glycinin and 0-conglycinin, with the largest reduction when soy flakes were moist-extruded. Protein dispersibility decreased after moist extrusion in raw soy flakes but increased in both soy protein concentrate and experimental soy protein concentrate.
An extrusion x protein source interaction ( P < .06) was detected from d 0 to 14 postweaning for ADG and gain:feed ratio (Table 4) ; pigs fed soy flakes had a greater response to extrusion processing than pigs fed either soy protein concentrate or experimental soy protein concentrate. Moist-extrusion and soybean product source influenced ADG and gain:feed ratio ( P < .01) from d 0 to 14. However, ADG and gain:feed ratio were greater ( P < .01) for pigs fed a predominantly milk protein diet than for pigs fed soy protein diets from d 0 to 14 postweaning. Average daily feed intake ( d 0 to 1 4 ) was increased ( P < .O 1) for pigs fed moist-extruded soybean products. Apparent DM and N digestibilities ( d 14) showed an interactive effect ( P < .06); the improvement in digestibility was greater for moist-extruded, raw soy flakes than for the other soy products with or without moist extrusion (Table 5 ). Pigs fed the milk diet had greater ( P < .01) apparent DM and N digestibilities than pigs fed soy proteins. Moist extrusion increased ( P < .01) DM and N digestibilities. Soybean product increased ( P < .01) DM and N digestibility; raw soy flakes had poorer digestibility than the soy protein concentrate. Pigs fed moist-extruded soy products had decreased ( P < .06) serum urea N concentrations, as did pigs fed commercial soy protein concentrate ( P < .Ol>. Pigs fed a milk diet from d 0 to 14 had serum urea N concentrations lower ( P < .01) than those of pigs fed soy products. Serum immunoglobulin G titers specific to glycinin and P-conglycinin were decreased ( P < .05) in pigs fed commercial soy flour compared with those fed raw soy flakes. Moist-extruded products resulted in decreased ( P < .05) serum immunoglobulin G titers compared with soybean products that were not extruded.
From d 14 to 35, when all pigs were fed a common corn-soybean meal diet, ADG, ADFI, and gain:feed aA total of 170 pigs, average initial weight = 5.4 kg, five pigsipen, five pensitreatment.
bMoist extrusion processing x protein source interaction ( P < ,061. Woist extrusion effect ( P < .01). dSoybean product effect ( P < .01). eMilk vs soy protein ! P < ,011. fSoybean product effect ( P < .07).
m i l k vs soy protein ( P < .lo). bExtrusion processing x protein source interaction ( P < .06). CMoist extrusion effect ( P < ,011.
dSoybean product effect ( P < .01). eMoist extrusion effect ( P < ,051.
ratio were not affected by processing method or protein source fed from d 0 to 14 postweaning (Table   4 ). However, gain:feed ratio tended ( P < .07) to improve for pigs fed commercial soy protein concentrate from d 0 to 14. Pigs fed nonextruded, raw soy flakes from d 0 to 14 performed similarly to milk-fed pigs during d 14 to 35. Cumulative ( d 0 to 35) ADG and gain:feed ratio were characterized by interactions ( P < .06) between moist extrusion processing and soy product; pigs fed extruded, raw soy flakes from d 0 to 14 had the greatest response to extrusion processing. Pigs fed a milk-based diet ( d 0 to 14) tended to have a greater ( P < . l o ) gain:feed ratio from d 0 to 35 postweaning than pigs fed soy products with or without moist extrusion. Soybean product influenced ( P < .01) gain:feed ratio; pigs fed raw soy flakes ( d 0 to 14) had a lower cumulative gain:feed ratio than pigs fed commercial soy protein concentrates.
Experiment 2
The results of soy product analysis (Table 6 ) were similar to those observed in Exp. 1. Moist extrusion of raw soy flakes, toasted soy flour, and soy protein concentrate decreased trypsin inhibitor concentrations by 26.5, 31.2, and .4 mgig of protein, respectively. Trypsin inhibitor concentrations were similar among all three soy products after extrusion processing. Glycinin and 0-conglycinin concentrations of soy products were reduced to nondetectable levels after moist extrusion. Protein dispersibility index was decreased in moist-extruded soy flakes and soy flour but increased in extruded soy protein concentrate.
Average daily gain, ADFI, and gain:feed ratio were greater ( P < .01) in pigs fed a milk-based diet than in pigs fed any of the soy-based diets (Table 7 1. By moist extruding raw soy flakes, toasted soy flour, and soy protein concentrate ADG, ADFI, and gain:feed ratio were increased ( P < .01) from d 0 to 14 postweaning.
An interaction ( P < .05) between moist extrusion and soy product source was observed; pigs fed moistextruded, raw soy flakes and toasted soy flour had larger improvements in ADG, ADFI, and gain:feed than pigs fed extruded soy protein concentrate.
Soybean products influenced ( P < .O 1) ADG and gain: feed ratio; pigs fed commercial soy protein concentrate had greater ADG and gain:feed ratio than pigs fed raw soy flakes and toasted soy flour.
From d 14 to 35 postweaning, when pigs were fed a common corn-soybean meal diet, ADG was not different ( P > .lo) regardless of the protein source fed from d 0 t o 14. Feed consumption and feed:gain ratio from d 14 to 35 were maximized ( P < .01) in pigs fed a milk diet from d 0 to 14 and increased in pigs fed moistextruded soy flakes ( P < .05) and flour ( P < .07) from d 0 to 14 postweaning. Cumulative ( d 0 to 35) ADG, ADFI, and gain:feed ratios were greatest ( P < .01) in pigs fed a milk diet from d 0 to 14 postweaning. Again, an interaction ( P < .05) between moist extrusion and aA total of 170 pigs, average initial weight = 5.8 kg, five pigsipen, five pens/treatment bMilk vs soy protein ( P < .01). w o i s t extrusion processing x protein source interaction ( P < .05). dMoist extrusion effect ( P < ,011. eSoybean product effect ( P < ,011. fMoist extrusion effect ( P < ,051. m o i s t extrusion processing x protein source interaction ( P < ,071.
soy product existed, with greater improvement in ADG, ADFI, and gain:feed detected in pigs fed moistextruded, raw soy flakes and toasted flour. By moist extruding soybean products for inclusion in the starter diet (d 0 to 141, ADG and ADFI were improved ( P < .01) from d 0 to 35 postweaning. Feed efficiency was greatest ( P < .O 1) for pigs fed commercial soy protein concentrate and was improved ( P < .05) by moistextruding soybean products.
Apparent DM and N digestibilities (Table 8) were increased ( P < .O 1) on d 14 postweaning in pigs fed moist-extruded soy products and were greatest in pigs fed a milk diet ( P < .01). On d 14 postweaning, a soy protein source x extrusion processing interaction ( P < .05) was observed for serum urea N; pigs fed moistextruded, raw soy flakes and toasted soy flour had a larger decrease in urea N concentration than those fed the nonextruded form. Urea N concentration was lowest ( P < .O 1) in pigs fed a milk diet from d 0 to 14
postweaning. An interaction ( P < .05) between soy product and moist extrusion existed for d-14 serum immunoglobulin G titers; pigs fed moist-extruded, raw soy flakes and toasted flour had a greater reduction in serum titers than did pigs fed nonextruded soy flakes and soy flour. Pigs fed a milk diet from d 0 to 14 had the lowest ( P < .01) titer specific to soy protein on d 14. Pigs fed commercial soy protein concentrate tended to have lower ( P < . l o ) serum immunoglobulin G titers than pigs fed raw soy flakes or toasted soy flour.
Experiment 3
Trypsin inhibitor concentrations were < 1 mglg in soybean meal and in soybean meal processed by either moist or dry extrusion (.43, .56, and .32 mglg, respectively). These levels of trypsin inhibitor are below concentrations that typically reduce growth bExtrusion processing x protein source interaction ( P < .05). CMilk vs soy protein ( P < .02). dMoist extrusion effect ( P < .01). eSoybean product effect ( P < .01). fSoybean product effect ( P < .05).
Goybean product effect ( P < ,101.
performance (Vandergrift et al., 1983) . Protein dispersibility index of soybean meal (2 7.3 7%) was decreased by using both moist and dry extrusion (15.02 and 15.89%, respectively), suggesting that similar amounts of protein were denatured by both processing methods. Milk-fed pigs had greater ( P < .05) ADG, ADFI, and gain:feed ratio than those fed the soy-based diets (Table 9 ) . Diets with extruded soybean meal (moist or dry extrusion) yielded greater ADG, ADFI, and gain:feed ratios ( P < .05) than did the corn-soybean meal diet from d 0 to 14. Nitrogen and DM digestibilities ( d 14) were similar between pigs fed moist-and those fed dry-extruded soybean meal; pigs fed a milk diet had the greatest ( P < .05) nutrient digestibilities.
Cumulative (d 0 to 28) ADG was similar between pigs fed a milk-based diet and pigs fed a moistextruded soybean meal diet; pigs fed a dry-extruded soybean meal diet had decreased ( P < .05) ADG. Pigs fed a nonextruded soybean meal diet had the poorest ( P < .05) ADG. Average daily feed intake was increased ( P < .05) in pigs fed either a moist-or dryextruded soybean meal diet from d 0 to 28 postweaning; pigs fed a soybean meal-based diet had the lowest ( P < .05) ADFI. Gain:feed was greater ( P < .05) in pigs fed a milk-based diet from d 0 to 28 than in soyfed pigs. Similar gain:feed ratios were detected in pigs fed either a moist-or dry-extruded soybean meal.
Discussion
Previous research (Dietz et al., 1988; Geurin et al., 1988; Sohn and Maxwell, 1990) has indicated that moist extrusion can be used to improve the nutritional quality of soy products to be included in a highnutrient-dense diet for the early-weaned pig. Moist extrusion of raw soy flakes and toasted soy flour improved ( P < .05) ADG and gain:feed ratio (Exp. 1 and 2) and ADFI (Exp. 2). Research by Li et al. (1991a,b) indicated that pigs fed moist-extruded commercial soy protein concentrate and those fed milk protein had similar ADG. Turlington et al. (1990) stated that pigs fed moist-extruded soy protein concentrate from d 0 to 14 had greater ADG than pigs fed a milk diet from d 0 to 14. Growth performance in our experiment increased when pigs were fed either moistextruded, raw soy flakes or extruded soy flour. Improved ADG can be attributed to increased ADFI of extruded diets and improved apparent nutrient digestibilities in pigs fed moist-extruded soy flakes and soy flour. The improvement in apparent nutrient digestibility also can account for the improved gain:feed ratio in pigs fed extruded soy flakes and soy flour. The similarity in ADG and gain:feed ratio between extruded soy flakes, soy flour, and soy protein concentrate suggests that extrusion processing of lessprocessed soy products for starter pig diets can result ET AL.
in performance comparable to that of pigs fed highly refined soy products. Rudolph et al. ( 1983 1, Walker et al. (19861, and Herkelman et al. (1992) indicated that amino acid digestibility and availability improved as soy protein was further processed, suggesting that increased ADG resulted from improved amino acid availability in more-refined soy products.
Our data are in agreement with those of Decuypere et al. (1981) and Walker et al. (19861, who indicated that N digestibility was increased by moist extrusion. Similarly, Vandergrift et al. ( 1 9 8 3 ) reported that heating raw soy flakes for 25 to 105 min (lOO°C) greatly improved amino acid digestibility and N retention. Nitrogen digestibility can be improved as a function of decreased trypsin inhibitor concentrations, due to increased heat treatment. Hancock et al. ( 1990) reported that trypsin inhibitor concentration can be decreased substantially by 5 min of moist heating in an autoclave. Increased duration of heat treatment continued to decrease trypsin inhibitor concentrations, but at a decreasing rate. In a previous report by Hancock et al. (19891, dry extrusion was used to decrease the trypsin inhibitor concentration of whole soybeans for inclusion in starter pig diets. By decreasing trypsin inhibitor concentrations, apparent N digestibility, ADG, and feed efficiency were improved in the early-weaned pig. Although autoclaving is not identical to moist extrusion, research by Vandergrift et al. (1983) and Hansen et al. (1987) has suggested that moist heat processing can be used to improve the nutritional quality of soy flakes for use in starter pig diets. Similarly, Faber and Zimmerman (19731, Seerley et al. (19741, and Noland et al. ( 19 7 6) indicated increased ADG and gain:feed when soybean meal was heat-treated for use in starter pig diets. Our data are in agreement. Even though N and DM digestibilities numerically increased in pigs fed moist-extruded soy protein concentrate, the magnitude of increase was greatly compared with N and DM digestibilities in pigs fed moist-extruded, raw soy flakes and toasted soy flour. Walker et al. (1986) reported that N digestibility was greater in pigs fed soy protein concentrate than in pigs fed extruded soy flour from d 0 to 14 postweaning. However, these products were not identical to those used in our experiment. This does not agree with the data from Exp. 1 and 2 (Tables 5 and 81 , where nutrient digestibility was similar among moist-extruded, raw soy flakes, toasted soy flour, and both soy protein concentrate and experimental soy protein concentrate with or without moist extrusion. Pigs fed a milk diet from d 0 to 14 had the greatest nutrient digestibilities. Kilshaw and Sissons (1979a,b) reported that the major storage proteins of soybeans (glycinin and 0-conglycinin) are dietary antigens to the early-weaned pig. Serum immunoglobulin G titers specific to glycinin and 0-conglycinin were reduced in pigs fed extruded soy flakes and extruded soy flour. These data eMoist vs dry extrusion ( P < .lo).
are in agreement with those of Li et al. (1991a,b) , who indicated decreased immunoglobulin G titers and skin-fold thickness when soy protein concentrate was moist-extruded. The reduced humoral response to soy products can be attributed to denatured glycinin and 0-conglycinin concentrations in the extruded products. Li et al. (1990) suggested that ADG was decreased postweaning due to villus atrophy resulting from a delayed hypersensitivity to soy protein. Intestinal damage can be quantified by the amount of xylose absorbed into the blood stream. Decreased xylose absorption corresponds to decreased villus height and increased crypt depth from intestinal damage caused by the hypersensitivity response (Kenworthy, 1976; Miller et al., 1984; Li et al., 1990) . Similar results were reported in preruminant calves (Kilshaw and Sissons, 1979a,b; Dawson, 1987) . Heat treatment of soy flour for inclusion in calf milk replacers improved ADG. Dawson ( 198 7 ) reported that extrusion processing decreased the antigenicity of soy flour, resulting in increased ADG in preruminant calves. Decreased protein dispersibility indicates denaturization of the protein matrix (Rudolph et al., 1983) . This decrease in protein dispersibility would correspond to decreased glycinin and P-conglycinin concentrations, suggesting that moist heat treatment can successfully decrease soy antigenic properties. Other factors in raw soy flakes, such as the undenatured state of the proteins and the presence of protease inhibitors, may have also contributed to decreased growth performance (Hymowitz, 1986) . Himmelberg et al. (1985) reported that earlyweaned pigs no longer need a complex diet (30% milk products) by d 10 postweaning. Our data would support this conclusion. Cumulative ( d 0 to 35) ADG and gain:feed ratio were improved in pigs feed In Exp. 3, a comparison was made between moist and dry extrusion of soybean meal for inclusion in starter pig diets. Based on the results from the previous two experiments, it was concluded that lower-quality soy products (i.e., soy flakes and soy flour) can be improved by moist extrusion. Thus, to apply the possible results of this research to the swine industry, a diet containing soybean meal was used. Hancock et al. (1989) indicated that dry extrusion could be used t o reduce glycinin and 0-conglycinin concentrations of raw soy flakes, decreasing serum immunoglobulin G titers and increasing ADG in the early-weaned pig. Trypsin inhibitor concentrations also were decreased by dry extrusion (Hancock et al., 19891 , but not to the levels reported in Exp. 1 and 2 of this paper. Apparently, improved ADG in pigs fed moist-extruded soybean meal compared with dryextruded soybean meal from d 0 to 28 is not a trypsin inhibitor response, because N digestibilities were similar at d 14 postweaning. Rodhouse et al. (1992) reported that apparent ileal digestion of lysine was not affected by moist extrusion.
The decreased ADG and gain:feed ratio from d 0 t o 28 postweaning in pigs fed dry-compared to moistextruded soybean meal may be related to overprocessing of the soybean meal during heating (Chang et al., 19871 , resulting in amino acid damage. Hansen et al. (1987) reported tendencies for reduced ADG when overheated soy flakes were fed to weanling pigs. Similarly, Vandergrift et al. ( 198 3) detected slight decreases in N absorption when soy protein was processed at temperatures > 105°C. The decrease in absorption and retention resulted in reduced ADG. However, increased ADG and numerical increases in gain:feed ratio suggested improved N utilization in pigs fed moist-extruded soybean meal compared to dry-extruded soybean meal from d 0 to 28 postweaning.
Implications
Moist extrusion of less-refined soy products (soy flakes, soy flour, and soybean meal) can produce growth performance comparable to that of pigs fed a complex processed soy product (soy protein concentrate) in high-nutrient-dense starter diets. Moist extrusion of soy products can reduce the trypsin inhibitor concentrations and the antigenic properties of soy products, resulting in improved digestibility and a decreased potential for an immune response to soy protein (glycinin and 0-conglycinin). It seems that moist-extrusion processing of soybean meal produces a superior soy product for inclusion in starter pig diets compared with dry extrusion of soybean meal.
Literature Cited
